Abstract: Islet Amyloid Polypeptide (IAPP or amylin) is a peptide hormone produced and stored in the b-islet cells of the pancreas along with insulin. IAPP readily forms amyloid fibrils in vitro, and the deposition of fibrillar IAPP has been correlated with the pathology of type II diabetes. The mechanism of the conversion that IAPP undergoes from soluble to fibrillar forms has been unclear. By chaperoning IAPP through fusion to maltose binding protein, we find that IAPP can adopt a a-helical structure at residues 8-18 and 22-27 and that molecules of IAPP dimerize. Mutational analysis suggests that this dimerization is on the pathway to fibrillation. The structure suggests how IAPP may heterodimerize with insulin, which we confirmed by protein crosslinking. Taken together, these experiments suggest the helical dimerization of IAPP accelerates fibril formation and that insulin impedes fibrillation by blocking the IAPP dimerization interface.
Introduction
Islet amyloid polypeptide (IAPP or amylin) has been implicated in the pathology of type II diabetes, a disease that affects an estimated 20 million people in the United States. 1 The disease is characterized initially by a condition of insulin resistance and progresses towards insulin dependence. 2 Nearly all type II diabetics exhibit amyloid plaques in the pancreas composed primarily of the mature, 37-residue form of IAPP. 3 This hormone was discovered in 1987 and is expressed, processed, stored, and secreted from the bislet cells of the pancreas along with insulin. [4] [5] [6] [7] The importance of amyloid formation in the etiology of type II diabetes has been established but the details of its involvement are unclear. 8 Post-mortem approximately 90% of type II diabetics stain positive for amyloid plaques in their pancreas. 9 The severity of the disease appears to correlate with the degree of plaque deposition. 10 IAPP has been shown to be highly cytotoxic to cultured islet cells. [11] [12] [13] This toxicity is believed to be connected to the islet cell loss observed in the diseased state. Since the islet cells also produce insulin, it is believed this is the cause of the progression to insulin dependence. 14 Mouse IAPP differs from human in only six of 37 residues but the mouse peptide does not fibrillize. 15 Transgenic mice expressing human IAPP can develop the disease, supporting the relationship between amyloid formation and type II diabetes. 16 There is evidence of a molecular interaction between IAPP and insulin. IAPP is stored along with insulin in the secretory granules of the b-islet cells at 1-4 mM; 1000-fold higher than is required to form amyloid fibrils in vitro. 17, 18 It has been established that insulin can inhibit the fibril formation of IAPP in a concentration-dependent manner. 19, 20 The direct association between insulin and IAPP has been characterized and the interacting regions have been determined via molecular mapping. 21, 22 Insulin exists in molar excess to IAPP in the secretory granules and it has been proposed that the binding of insulin to IAPP prevents the fibrillation of IAPP in the absence of diabetes. [19] [20] [21] Establishing the structure of human IAPP in the dissolved state has proved difficult because it forms amyloid fibrils in vitro in minutes at modest concentrations under physiological conditions. 22, 23 Previously published reports suggested IAPP is natively disordered based on circular dichroism. 24, 25 However, Miranker and coworkers have shown by NMR that mouse IAPP is capable of adopting a transient helical structure in solution. 26 They suggest this helical form of IAPP is an intermediate on the pathway to fibrillation. Circular dichroism (CD) as well as infrared reflection absorption spectroscopy (IRRAS), two-dimensional infrared spectroscopy (2D IR), and other NMR studies show an increase in the helical content of IAPP prior to its conversion to the b-sheet rich fibrillar form. 24, [27] [28] [29] [30] Lipids and aqueous solutions of hexafluoroisopropanol (HFIP) promote the helical formation of IAPP and have been shown to accelerate the rate of IAPP fibrillation. [31] [32] [33] [34] [35] The structure of this N-terminal, helical region has recently been determined by NMR in the presence of lipids. 36 Crystallographic studies of this helical form of IAPP are hindered by its aggressive propensity to aggregate. We have overcome this problem by chaperoning IAPP by fusion with a larger, more soluble protein. To acquire X-ray diffraction data from what is essentially an isolated IAPP molecule, we set out to protect IAPP from the inevitable fibrillation that occurs when it is unchaperoned. Our intention is to understand the structural propensity of IAPP at the atomic level and how this propensity is involved in the conversion from the soluble to the fibrillar form.
Results

The IAPP fusion reveals an IAPP dimer
To capture IAPP in its nonfibrillar state, we fused IAPP to maltose binding protein (MBP), following a previous approach facilitating the crystallization of small, recalcitrant proteins. 37 To provide a rigid C-terminal helix within MBP and to accommodate crystal packing, our fusion includes three residue replacements at the C-terminus of MBP followed by an AlaAla-Ala linker leading immediately into the sequence of IAPP. Crystallization was successful, and we were able to determine the structure to 1.9 Å resolution (Supporting Information Table 1 ). The crystal structure of the MBP-IAPP fusion reveals that IAPP adopts an ordered, helical conformation, consistent with the previously reported NMR measurements. 26 Our work shows that segments 8-18
and 22-27 are helical (see Fig. 1 ). This helical structure within the 8-18 segment is in excellent agreement with the NMR structure determined in lipids, 36 having a RMSD of 1.1 Å (Supporting Information Fig. S1 ).
The structure also suggests that nonfibrillar state of IAPP can form dimers with the two IAPP molecules interacting at a helical interface centered at the aromatic stack of two Phe15 residues [ Fig. 1(B) ]. That is, each MBP-IAPP fusion molecule in the crystal binds to a second fusion molecule of the asymmetric unit at the three-turn a-helix from residues 8 to 18. These identical helices meet at a two-fold axis at an angle of 55 between the helices [Fig 1(C) ]. The surface complementarity of this interface is large (S c ¼ 0.86) with a small, but perhaps significant, area buried of 302 Å 2 .
The asymmetric unit contains four fusion molecules, which can be superimposed in pairs with a backbone RMSD of 1.1 Å. Representative electron density for the helical interface derived from the omit map used to model the structure is shown in the Supporting Information Figure S2 .
Thinking that the C-terminal amyloidogenic domain of IAPP would complicate crystallization, we also created a truncated MBP-IAPP 1-22 fusion. This construct contains only the N-terminal 22 residues of IAPP shown by the structure of Figure 1 (C) to contain the first helical domain. The crystal structure was determined to 1.7 Å resolution [ Fig. 1(D-F) ]. This structure contains the cyclic disulfide bond between Cys2 and Cys7 and is again helical between residues 8 and 17. The crystal contacts of this helix are against an entirely different region of MBP than the full-length MBP-IAPP structure. This suggests that the helicity of this segment is not a crystallization artifact. In contrast to the helix in the full-length structure, this helix appears to be a 3 10 helix between residues 10 and 17. Thus although the MBP-IAPP 1-22 strengthens the case for a propensity of IAPP to adopt a helical conformation at its N-terminus, it also shows that the precise environment of the N-terminus affects its structure.
Insulin may bind to IAPP as IAPP binds to itself
Our MBP-IAPP fusion crystal structure suggests a molecular explanation for insulin's ability to inhibit IAPP fibrillation: that insulin binds to IAPP in the same way that an IAPP monomer binds to the second monomer of the dimer. We used the following information to build a model of an IAPP:insulin heterodimer: (1) Insulin binds to IAPP and inhibits IAPP fibrillation. [19] [20] [21] [22] (2) When bound to insulin, IAPP adopts a helical conformation as shown by CD. 21 (3) A recent molecular mapping study determined the associating segments from IAPP and insulin molecules and that the 9-20 segment from the insulin B-chain binds to IAPP and prevents IAPP fibrillation.
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(4) The interacting regions from insulin and IAPP are both helical as shown in the structure of insulin and our IAPP fusion structures ( Fig. 1) . (5) A sequence alignment between the IAPP and insulin segments reveals sequence similarity. 21, 22 We have used this alignment to determine the orientation of the helices [ Fig. 2(A) ]. The helical segment from the insulin B chain was superimposed onto the N-terminal IAPP helix, suggesting how insulin might interact with IAPP, competing with a second IAPP molecule [ Fig. 2(B) ]. This putative interface conserves the aromatic stacking seen in the IAPP structure, between two Phe15 residues in IAPP and between Phe15 of IAPP and Tyr16 of insulin. We used the RosettaDock algorithm to explore the helical packing between IAPP and the insulin B chain. 38 One of the top scoring insulin-IAPP helical interfaces is shown in Figure 2 (C). These molecules rotate to bury more surface area than in the IAPP dimer structure, suggesting the possibility of a tighter interaction between IAPP and insulin than between two IAPP molecules. This model also explains the observation that a truncated mutant of insulin that cannot oligomerize was found to have greater than a 5-fold increase in IAPP binding than wild-type insulin. 21 In its hexameric state, the B helix of insulin is not available for binding to IAPP in the way proposed in Figure  2 . The physical association of insulin and IAPP has been characterized previously, 21, 22 The crosslinking experiment in Figure 2D also supports the presence of dimeric IAPP in solution. To investigate whether crosslinked dimers are helical, as in our crystal structures in Figure 1 , we performed a CD experiment on crosslinked IAPP in solution (Supporting Information Fig. S3 ). We found that untreated IAPP in solution has a CD spectrum characteristic of random coil. 39 Upon treatment with 1% glutaraldehyde, there is an increase in the helical content of IAPP and a corresponding decrease in the random coil signal. This suggests that the dimeric, helical form of IAPP is in equilibrium with the monomeric, disordered state. In the absence of crosslinking reagent this monomeric, disordered state appears to be greatly favored.
Dimerization promotes, and insulin binding inhibits, IAPP fibril formation
Human IAPP readily forms amyloid fibrils in vitro under physiological conditions at nanomolar concentrations. 28 The C-terminal segment of IAPP, composed of residues 23-37, has approximately fourfold slower aggregation kinetics than a construct composed of residues 8-37, suggesting that the N-terminal region of IAPP enhances the rate of IAPP fibril formation (Supporting Information Fig. S4 ). To explore the effect of the helical interactions we observe in the crystal structure and the putative IAPP-insulin model, fibril formation assays were performed on IAPP with residue substitutions at position 15. Predictions of residue substitutions were made based on their assumed influence on the helical interface guided by computational docking studies of the IAPP homodimers and heterodimers with insulin. Representative models from computational docking and our interpretation of their effects on dimerization are shown in Figure 3 . The importance of the helical association centered at Phe15 to the rate of fibril formation was confirmed by fibril formation assays. IAPP 8-37 was synthesized with residue replacements at position 15. Residues 1-7 of IAPP were not included in these peptides because these residues participate in the disulfide bond between Cys 2 and Cys 7; a region shown not to substantially affect the rate of de novo fibril formation of IAPP. 23 Thioflavin T binding fluorescence was used to monitor fibril formation. All constructs were first resuspended in HFIP then diluted 100-fold to a final peptide concentration of 10 lM with 1% HFIP. This approach was taken to ensure a uniform starting material since some constructs were more soluble than others. HFIP promotes helical formation of IAPP as shown by CD (Supporting Information Fig. S5 ). The addition of 1% HFIP to IAPP dissolved in buffer can stimulate an immediate increase in helical content followed by conversion to the fibrillar form (Supporting Information Fig. S6 ). The enhancement in fibril formation kinetics caused by the helical promoting agent HFIP was observed as previously characterized for IAPP. 23, 32 Residue replacements that were predicted by molecular modeling to favor IAPP-IAPP helical association (F15S, F15A, and F15D) showed more rapid fibril formation kinetics than wild-type human IAPP [Figs. 3(B,C) and 4(A)]. To disrupt this helical interface, we selected the F15K substitution because it carries a similar charge as residues within this helix. It was therefore believed that both charge repulsion and steric bulk from this substitution would disrupt the helical interface and thereby cause slower kinetics of fibril formation. This prediction was confirmed by the greater lag phase observed for this F15K substitution. Residue replacements at position 17, a residue in the N-terminal helical region but not at the dimerization interface observed in the crystal structure, does not have the same modulating effect as residue replacements at position 15 (Supporting Information Fig. S7 ).
The ability of insulin to inhibit the fibril formation of IAPP in vitro increases proportionally with the concentration of insulin, suggesting insulin is a competitive inhibitor of IAPP aggregation. 20 To test our model of insulin binding with human IAPP [Fig. 2(C) ], the Phe 15 replacements were investigated for their ability to enhance or disrupt this inhibition [ Fig. 4(B) ]. We found that insulin has less of an inhibitory effect on the F15S and F15A substitutions than on wild-type IAPP. The F15D replacement was effectively inhibited by insulin for the duration of the experiment. In fact, an aliquot of F15D IAPP was examined by electron microscopy one week after incubation with insulin, and no fibrils were seen; only small, spherical aggregates were present (data not shown). Insulin did not have a noticeable inhibitory effect on the F15K mutant as compared with kinetics of fibril formation in the absence of insulin. Taken together, these data support the model in Figure 2 about how insulin binds to and inhibits the fibrillation of IAPP.
Discussion
MBP-IAPP
To determine the prefibrillar form of IAPP we suppressed its problematic proclivity to fibrillize by chaperoning this 37-residue peptide as a fusion protein with the 370-residue maltose binding protein. The structure of the fusion protein reveals that IAPP contains two a-helical segments at residues 8-18 and 22-27. The structure also reveals that IAPP dimerizes, with the three-turn a-helix between residues 8-18 forming a helix-helix interaction. Gazit and coworkers identified a self association domain within the 8-18 region and this is in agreement with the dimer in our MBP-IAPP structure. 40 The crystal structure of MBP-IAPP 1-22 is also in agreement with the helical propensity of the N-terminal region of IAPP. The CD spectrum of a 3 10 helix in solution is remarkably similar to that of soluble IAPP with a peak at 207 nm and a small shoulder at 222 nm. 41 Although it may be possible that IAPP forms a stable 3 10 helix in solution, our own NMR studies performed on the 8-20 segment did not reveal NOEs suggestive of a stable secondary structure in the 8-20 segment (data not shown). The observed 3 10 structure is more likely to have been a consequence of a particular crystal packing which distorts the helix in this region. These structures are consistent with previous studies which have indicated that mouse IAPP forms Computational docking experiments yielded an ensemble of solutions that suggest how IAPP might dimerize and the effect on the interaction of residue replacements at Phe15. In (A), a docked dimer between wild-type IAPP segments 8-19 reveals a relative rotation of the helices and tighter association than observed in the crystal structure of IAPP. This association disrupts the aromatic stacking between Phe15 residues in exchange for more contact area between the molecules. This association led us to believe that small residue substitutions for Phe15, such as alanine or serine may allow the helices to pack even closer and bury more surface area, as shown in (B) for F15S. The tighter association places Phe15 in closer proximity to His18 and Arg11 of the adjacent molecule, suggesting that acidic residues could potentially stabilize the interaction while large, positively charged residues, such as lysine or arginine could disrupt helical packing. In (C), the F15D dimer reveals how the negative charge may help stabilize the dimer by interacting with Arg11 in the neighboring molecule. In (D), a top scoring interaction model of the IAPP F15D mutant and insulin suggests an alternative interaction mode between IAPP and insulin as compared to that in Figure 2 . The rotated IAPP helix exposes Asp15 to solvent and buries several hydrophobic residues from both IAPP and insulin. This packing was not observed in the MBP-fusion structure presumably because the Phe at position 15 preferred to be buried at the helical interface.
a-helical structure in its N-terminal segment. 26, 36 A recent NMR study of human IAPP in SDS micelles is in excellent agreement with the crystal structure reported here, including the kink in the 18-20 segment between the two helices. 42 At lower concentrations, IAPP may form only transient helical structure. 24, 26, 43 Also supporting helical structure in IAPP is the calcitonin gene-related peptide (CGRP) which is 46% identical to IAPP and has been shown to be helical by NMR. 44, 45 Sequence alignments of IAPPs from numerous species have revealed that the N-terminus of IAPP is strongly conserved. 15 We have shown by fibril formation assay that substitutions at position 15 can influence the kinetics of aggregation, suggesting this dimerization is an important, and perhaps shortlived, intermediate on the path to fibril formation. Taken together, these observations suggest that IAPP can adopt a helical structure and that dimerization facilitated through N-terminal helical domains may be important for the fibrillation of IAPP. Our structure also suggests that IAPP may bind to insulin using the same helical motif of residues 8-18. This heterodimer uses segments for its interaction that have been previously mapped to the regions of IAPPinsulin interaction. 21, 22 A recent NMR study suggests a related model for the interaction of mouse IAPP and insulin in agreement with a parallel orientation of associating helices. 46 We speculate that IAPP may bind to, and thereby solubilize, multimeric insulin from its crystalline-like state prior to secretion. It has been suggested that insulin deters IAPP from aggregation in the secretory granules in the absence of type II diabetes. 19 Understanding the mechanism of inhibition of IAPP aggregation by insulin may lead to a new approach for the clearance of IAPP deposits in the treatment of type II diabetes.
Conversion of IAPP from the native to the fibril state
Our structures for helical IAPP, our model of insulin binding, as well as our fibrillation studies, hint at initial steps for the structural conversion of IAPP from its native to its fibrillar form (Fig. 5) . IAPP likely exists in equilibrium between the unstructured and helical forms and the environment may influence this equilibrium [ Fig. 5(A,B) ]. The dimerization of IAPP we observed in our crystal structure coupled with our fibril formation studies suggest this dimerization is an on-pathway intermediate in fibrillation. This nearly parallel prealignment [ Fig. 5(C) ] lowers the entropic cost of the parallel b-strand association by bringing together two of the C-terminal amyloidogenic regions (the pigtails of panel D). In the transition from panel D to panel E, the two C-terminal regions stack in a two layer b-sheet, and two such sheets interdigitate their sidechains to form a two-layered nucleus of the fibril. 47 The turn of the linker region nucleates the second layer of b-sheets [ Fig. 5(F) ]. In panel G, the binding of insulin to the IAPP dimer is shown competing with the formation of the pre-aligned dimer, illustrating how insulin may inhibit fibrillation of IAPP. The speculative pathway for conversion from native to fibril structure depicted in Figure 5 receives support from CD, IRRAS, and 2D IR studies that show an increase in helical content just prior to conversion to the b-sheet conformation. 24, 27, 28, 30 Condensation of helical IAPP molecules has been suggested previously as a mechanism for the nucleation of IAPP fibrillation in the presence of lipids. 28, 34, 48 Helical promoting agents, such HFIP and TFE, accelerate the kinetics of IAPP aggregation suggesting that a helical intermediate is involved in conversion to amyloid fibrils. 32 A recent publication from the Langen group suggests the parallel condensation of IAPP molecules at the lipid surface as being an important step on the path to fibril formation. 35 There also exists a rare allele of human IAPP (S20G) that causes IAPP to be more amyloidogenic and cytotoxic in vitro and has been associated with early-onset type II diabetes. 49 This mutation is located within the loop region separating the 8-18 and 22-27 helices. The S20G mutant protein could accelerate formation of the tetrameric nucleus [ Fig. 5(E) ] by the greater flexibility of the chain at Gly 20 faciliting formation of the interdigitated dimer of dimers. This behavior may be attributed to the S20G mutation rendering this loop more flexible and making the transition from C to D more favorable.
Methods
Cloning, purification, and crystallization of MBP-IAPP
The IAPP nucleotide sequence was derived by primer annealing of overlapping oligonucleotides. This sequence was cloned into the pMal-a1 vector that was a gift from Prof. Cynthia Wolberger of Johns Hopkins University. The purification was performed by column chromatography first by an amylose column and followed by gel filtration on a Superdex 200. The MBP-IAPP fusion protein was crystallized using a mosquito crystallization robot that screened over 3,000 conditions. Crystals were formed at 20 mg/mL in 2.0M ammonium sulfate, 0.1M sodium acetate pH 4.6. The crystals grew in approximately one week and diffraction data were collected at the Advanced Light Source beamline 8.2.2. The data were scaled and indexed using Denzo and Scalepack from the HKL suite of programs. 50 The structure was determined to a resolution of 1.86 Å and the phases were determined by molecular replacement with MBP using Phaser. 51 Refinement and model building were performed using Refmac5 and Coot. 52, 53 Four fusion IAPP-MBP molecules per asymmetric unit were found in space group P2 1. An omit map was used to determine electron density attributable to IAPP (Supporting Information Fig. S2 ).
The coordinates have been deposited in the Protein Databank with accession codes 3G7W for the 1-22 fusion and 3G7V for the full-length fusion.
IAPP and insulin crosslinking
IAPP 8-37 peptide (CSbio) was solubilized into 20 mM NaAc pH 6.5 to a final concentration of 100 lM. Glutaraldehyde was immediately added to a final concentration of 0.8% (w/v) along with either 100 lM insulin (Sigma Aldrich), 100 lM myoglobin or buffer alone. Samples were allowed to incubate for 15 min on ice and reactions were TCA precipitated and washed with acetone. Equal volumes of nonreducing SDS-PAGE loading buffer and water were used to resuspend the protein pellets. Samples were run on a high-density Phast gel and stained with coomassie.
Fibril formation assays
All peptides (CSbio) were first solubilized in 100% Hexafluoroisopropanol (HFIP) to a stock concentration of 1 mM. Some peptides were more soluble than others and this initial solublization in HFIP was used to assure a uniform starting material for each sample. Reaction conditions were 20 mM sodium acetate pH 6.5 and 10 lM Thioflavin T (ThT). Peptides were diluted 1/100 into this mixture then spin filtered to remove any potential preformed aggregated that may have been created during synthesis. The total reaction volume was 200 lL with final concentrations of 10 lM peptide and 1% HFIP. The addition of 150 mM sodium chloride did not have an effect on the kinetics of fibril formation (as determined by electron microscopy) but caused strong fluctuations in ThT fluorescence. A sample was taken from each reaction immediately after filtering to confirm the absence of any fibrils or preformed aggregates prior to the start of the assay. Samples were performed in triplicate and fluorescence measurements were taken every three minutes. The average of five time points is shown on the representative graph for clarity. The standard deviation of the fluorescence measurement at each time point is shown as error bars. ThT fluorescence was treated as a binary indicator of fibrillation and samples were taken at pertinent time points for analysis by electron microscopy to confirm the presence or absence of fibrils as seen by ThT binding.
Molecular modeling
Computational docking. The RosettaDock algorithm was used to perform rigid body docking to optimize local packing between IAPP homodimers and IAPP-insulin heterodimers. 38 The starting structure was the crystal structure of IAPP. The dimers were repacked after local perturbation with rigid body docking and side chain rotamer sampling. Docked structures were ranked by the Rosetta energy function.
Conclusions
By chaperoning IAPP fused to a larger protein, we determined a helical form of IAPP, rarely encountered in vitro because of this molecule's tendency to fibrillize. IAPP molecules are capable of adopting a dimeric structure, with the a-helices at residues 8-18 binding to each other around a stack of the two Phe15 sidechains and orienting the two a-helices in parallel. Mutations at this helical interface affect the rate of fibrillation, suggesting that the dimer is an intermediate on the pathway to fibrillation. We speculate that the parallel orientation of the two helices orients the C-terminal residues of both IAPP molecules also in parallel, permitting them to stack in a two-stranded b-sheet, and that the condensation of two such dimers forms a four-molecule fibril nucleus. The homodimeric structure of IAPP suggests a structure for the heterodimeric structure of insulin bound to IAPP. Taken together, these data suggest a plausible model for the conversion of IAPP from the soluble to the fibril form and how insulin functions to deter this conversion by blocking the N-terminal dimerization domain within IAPP.
